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(16-19), and it is well known that most additions or de- 
letions in the N-terminal region substantially reduce 
the biological activity (15). A recombinant expression 
system for hPTH should therefore preferably give a 
product with the correct N-terminal. 
. .We. report the construction of expression plasm ids 
where cDNA coding for a part of hPTH is placed be- 
tween DNA coding for two variants of the Rignal se- 
quence of Staphylococcus aureus protein A and DNA 
coding for two synthetic IgG binding domains (desig- 
nated ZZ) (10,20). Both these constructs are under the 
transcriptional control of the protein A promoter and 
terminator sequences. E. coli cells transformed with 
these plasmids express truncated hPTH fused to the 
two IgG binding domains of protein A. The expression 
products can be Quickly purified by IgG affinity chroma- 
tography and analyzed for the N-terminal amino acid 
sequence. This model enables us to study processing 
and secretion of hybrid proteins expressed in E. coli 

MATERIALS AND METHODS 

Materials 

Restriction endonucleases and other DNA-metaho- 
lizing enzymes were from New Kngland Biolabs. 1M I-la- 
beled anti-rabbit IgG both whole and F(ab) 3 fragments 
(from donkey) were from Amersham Corp., NH^termi- 
nal specific anti-PTH antibody was bought from CHE- 
MICON and ZZ-specific antibody was obtained from 
Kahi Pharmacia AB, Synthetic hPTH(l-B4) was from 
Sigma and Immobilon polyvinylidenc difluoride 
transfer membrane was from Millipore. The hitfh-pres- 
sure liquid chromatography (HPLC) column used was 
28 cm X 4.6 mm Vydac reversed phase Cjg protein/pep- 
tide column. 

Bacterial Strains Plasmids, and Recombinant PNA 
Methods 

E. coli strain RJSlfift (obtained from Dr. F. I-acroute, 
Centre de Genetique Molcculaire du C.N.R.S., Gif-sur 
Yvette, France) was used as bacterial host. The protease 
mutant stains UT5600 and Bl2l were gifts from Dr. J. 
Grodberg. DNA sequencing was performed on pi asm id 
DNA with Scquenase (United States Biochemical 
Corp.) in accordance with the suppliers manual. If not 
otherwise stated, recombinant DNA methods were per- 
formed according to Maniatis et al (21 ). 

The cloning of hPTH has been described elsewhere 
(19). The construction of the plasmids pSPTH and 
pKP43PTH where hI*TH(1 84) succeeds the signal se- 
quence of protein A and is under the transcriptional 
control of protein A promoter has been described previ- 
ously (22). pKP43PTH contains a mutated version of 
the protein A signal sequence where the normal cleav- 
age site has been deleted and a Pro residue is situated in 



the -2 position (Fig. 1A). In comparison, pSPTH con- 
tains the entire wild type signal sequence after insertion 
of a 40-bp oligonucleotide (Fig. IB) between the Aval/ 
Nsil sites of pKP43PTH. 

The final constructs P SPTH37ZZ and pSPTH3722 
w ere made by removin g the 14t»bp Styl/Xbal fra g ment 
from the plasmids pSPTH and pKP43PTH, respec- 
tively, in order to remove the hPTH stop codon and to 
align the ZZ-part in correct reading frame with the 
hPrH cDNA (Pig. IB). E. coli clones transformed with 
pSPTH37ZZ and p$T>TH372Z were selected by immu- 
nological screening for the production of protein A. 

Screening {or the Production of Protein A 

This was performed according to a modified version 
of the procedure described by Helfman and Hughes 
(23). Transformed clones (in replicas) were grown to a 
suitable colony size on nitrocellulose membranes 
mounted on agar plates containing ampicillin. Bacterial 
lysis was induced by suspending the replica membranes 
in a chloroform vapor glass chamber for 60 min. The 
membranes were washed overnight in a petri dish con- 
taining 20 ml of 50 mM Tris-HCl (pH 7.5), 150 rnM 
NaCl, 5 mM MgCl 2 , 1 pg/rnl DNase 1, 40 Mg/ml lyso- 
zyme, and 3% (w/v) BSA and were rewashed the next 
day in Tris-buffcred saline (50 mM Tris-HCl at pH 7.5, 
150 mM NaCl) to remove the bacterial debris. The 
membranes were then incubated with l25 l-labeled anti- 
rabbit IgG (0.3 MCi/ml) in Tris-bufTered saline contain- 
ing 3% (w/v) BSA, washed five times in Tris-buffered 
saline containing 1% Twecn 20, and then subjected to 
autoradiography. 

Cell Growth and Preparation of Cellular Fractions 

Transformed bacteria were grown at 37°C under vig- 
orous shaking in 2-liter culture flasks containing 500 ml 
I,B medium (10 g Bacto tryptone, 5 g Bacto yeast ex- 
tract, and 10 g NaCl per liter medium) containing ampi- 
cillin (0.5 g/iiter) and 0-4% (w/v) glucose. Cells were 
harvested at OD m « 1.6 (exponential phase) or at OD^ 
*** 2.5 (stationary growth phase) by centrifiigation at 
5000$ for 20 min, and the supernatant was collected as 
the growth medium fraction. The periplasmic fraction 
was prepared by an osmotic shock method (24). 

Affinity Purification 

Proteins from the growth medium and the different 
cell extracts were purified by IgG affinity chromatogra- 
phy using fast flow IgG-Sepharose (Pharmacia). The 
column (0.9 X 3.2 cm) was equilibrated with TST (50 
mM Tris buffer, P H 7.4, 0.15 M NaCl, 0.05% Tween) 
before loading the sample. Fractions prepared from 1 
liter of culture were loaded. After loading the column 
was washed with 200 ml of TST buffer, equilibrated 
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with 30 ml of 10 rim ammonium acetate, and eluted with 
10 m! of 0.2 M acetic acid, pH 3.2 (titrated with ammo- 
nium acetate). The flow rate was 3 rol/min, and the elu- 
tion was followed by monitoring the absorbance at 
280 nm. 



Polyacrylamide Gel Electrophoresis 

Polyacrylamide gel electrophoresis in the presence of 
sodium dodecyl sulfate (SDS-PAGE) was performed 
with 15% gels as described by Laemmli (26). An elute 
volume of 10 ml after IgG affinity chromatography was 
lyophilized and solubilizcd in a buffer containing 0.1 M 
Tris-HCl,pH 7.5, 17% glycerol, 4% SDS, 0.05% bromo- 
phenol blue, and 2% 0-mercaptoethanol. The samples 
were incubated in a boiling water bath for 5 min before 
being loaded on the gel. Electrophoresis was run for 2-3 
h at 600 V. 

ElettroblottinR, lmmunoprobing, and Amino Acid 
Sequence Analysis 

Proteins separated by SDS-PAGE were electroblot- 
ted to 0.45 >im Immobilon membranes and the filters 
were stained by Coomassie brilliant blue as described by 
Hogset ct ai (22). For immunoprobing, uhspecific bind- 
ing of antibodies was blocked by incubating the mem- 
branes overnight with a blocking agent in PBS [10% 
fetal calf serum for detection of ZZ; 3.5% human IgG for 
specific detection of the hPTH part (26)]. Antibody in- 
cubation and washes were performed as described (27). 
For visualization of hPTH the primary antibody was 
N-torminal specific anti-hPTH from rabbit (dilution 
1:1000), and the secondary antibody was l25 Mabeled 
anti-rabbit IgG F(ab) 2 fragments from donkey. To de- 
tect the presence of ZZ, antiserum against ZZ was used 
and detected with whole l2S I-labeled anti-rabbit IgG 
from donkey. Autoradiography was performed over- 
night at -70'C with Kodak X-Ornat AR5 film and an 
intensifying screen (Du Pont). 

Aminoterminal sequence analysis was performed on 
blotted and stained proteins as described earlier (19). 

Purification of Fusion Proteins by HPLC 

The elute from IgG affinity chromatography was fur- 
ther purified by reversed phase HPLC as described by 
Hogset et al (19). The eluted material was monitored by 
measuring the absorbance at 220 nm. 

RESULTS 

Expression Plaamid Construction 

Two expression plasmids were constructed as de- 
scribed under Materials and Methods and outlined in 
Fig. IB. In the final constructs the ZZ nucleotide se- 
quence is fused in correct reading frame to tho 3' end of 



the hPTH cDNA. In pSPTH37ZZ the hPTH part is 
preceded by a nucleotide sequence coding for the nor- 
mal signal sequence of protein A, while pS'PTH37ZZ 
codes for a mutated signal sequence designed not to be 
cleaved by signal peptidase. In this construct the normal 
-signal-pcptidase cleavage-site has been removed-and a~ 
Pro residue has been placed in the -2 position to pro- 
hibit normal processing (1,4). Cells transformed by 
pS'PTH37ZZ thus serves as a control to ensure that the 
fusion proteins arc processed in a normal way. 

Expression and Purification of Z% -Containing Gene 
Products 

E. coli strain R.J5183 was transformed with expres- 
sion plasmids pSPTH37ZZ or p3'PTH37ZZ i and the re- 
sulting clones were screened for 22 production as de- 
scribed (Fig. 2). The positive colonics analyzed were all 
shown to contain the correct plasmids as determined by 
restriction enzyme and DNA sequence analyses. Clones 
containing pSPTH37ZZ and pS'PTH37ZZ were grown, 
and the different cellular fractions were prepared as de- 
scribed under Materials and Methods. ZZ-containing 
polypeptides were aflinity-purifled on IgG Sepharose 
and the eluted polypeptides were analyzed by SDS - 
PAGE and immunoblotting. For pSPTH37ZZ-contain- 
ing cells harvested in the exponential growth phase, 
most of the a fHnity- purified material was found in the 
periplasmic fraction (Figs. 3A and 4A). In the growth 
medium fraction, two bands with estimated moleculur 
weighes of 14 and 15 kDa were detected (Fig. 3A, lane 3 
and Fig. 4A, lane 4), while in the periplasmic fraction 
two additional protein bands were observed, at 19 and 
15.5 kDa (Fig.*3A, lane 4). The 19-kHa band corre- 
sponds to the theoretical size of the intact fusion protein 
hPTII(l-37)ZZ, No protein bands appeared in a control 
represented by medium from cells transformed with the 
plasmid pSPTH (22) expressing hPTHU-84) without 
the ZZ domain (Fig. 3A, lane 2). We therefore conclude 
that IgG-Sepharose affinity chromatography did, as ex- 
pected, give a very specific purification of ZZ-containing 
proteins. 

Cells containing pSPTH37Z2 that were harvested in 
the exponential growth phase exhibited four major 
bands in the medium fraction, migrating at 14, 22, 24, 
and 26 kDa, respectively (Fig. 3C, lane 1). In the peri- 
plasmic fraction only two faint bands were observed, 
migrating at 14 and 22 kDa (Fig- 3C, lane 2). The 22- kDa 
band corresponds to the theoretical size of nonpro- 
cessed fusion protein [SSPTH(1-37)ZZ], and the pres- 
ence of this band indicates that the mutated signal se- 
quence is not cleaved off durinj secretion. 

pSPTH372Z-containing cell* harvested in the early 
stationary phase, moat of the ZZ-containing proteins 
seemed to be present in the growth medium fraction, 
but the presumably intact 19-kDa hPTH(l-37)ZZ spe- 
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FlO. 2. Autoradiography of protein A producing bacterial colon ic*. 
E. colt was transformed with jjSPTII3?ZZ, clones were hand picked, 
streaked onto a nitrocellulose membrane, and screened for 22 produc- 
tion by probing with ltt I -labeled anti-rabbit IgG. Negative control 
Clone* were &treuked on the upper and lower edges (indicated by 
arrows). The five positive clones analysed further Uce text) arc num- 
bered (1-0). 



.20.1 




M 1 2 3 4 



FIG. 4. SDS-PAGE and immunoblotting of affinity-purified mate- 
ria! from pSPTH37ZZ-containinR cells harvested during exponential 
growth. Comparison of proteins secreted into the growth medium and 
periplastic space. The proteins were visualixed by Coomaosie bril- 
liant htue staining of fitters (A), immunop robing for hPTU on the 
bamo Alter (B), end, immu nop rowing for the ZZ part on a parallel 
filter (C). (A) M, Molecular weight standards; Una 1, PTKd-64) 
standard (1 pK); lane 2, ZZ standard (L /ig); lane 3, material from 
periplasms fraction; tone 4, material from growth medium fraction. 
The amounts loaded in lanes 3 and 4 represent 25 ml of culture. (B) 
Kilter from A was immunoprohed with the antl-hPTH antibody. (C) 
Lane 1, material from the periplasmic fraction was immunoprobed 
for the detection Of ZZ. Positions of molecular weight standards are 
indicated. 



to SDS-PAGE and electroblotting (Fig. 6B). Coomassie 
brilliant blue staining of the filters showed a protein 
migrating at ] 9 kDa in fraction 24 (Pig. GR, lane ].) and a 
band at 15.5 kDa in fraction 22 (Fig. SB, lane 2), whereas 
proteins migrating at 14 and 15 kDa were observed in 
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FIG. 3. SDS PAGE analysis of affinity -punned material from dif- 
ferent fractions. Comparison of proteins secreted Into the growth me- 
dium and the periplasm ic Space during the exponential growth phase 
uf cells transformed with p$PTH37ZZ (A> and pSTTI137ZZ (C) and 
the stationary growth phase of cells transformed with pSPTH37ZZ 
(B). Elutes from IgG affinity chromatography were lyophiLizcd* dis- 
solved in 100 jd distilled deionlzed water and ft fil (for samples from 
p$PTH3 17X) or 25 al (for samples from PSPTH377.7.) of the dis- 
solved pellets were Subjected to SDS-PAGE, electroblntted, and 
stained by Coomassie brilliunt blue. (A) Lane 1, molecular weight 
standards; lane 2, control (see text for details); lane 3, growth medium 
fraction: lane 4, periplasm ic fraction. (B) Lane 1, growth medium 
fraction; lane 2, periplasms fraction; lane 3, molecular weight Stan- 
dards. The amounts Loaded represent 25 ml of culture per lane. (C) 
Lane 1, growth medium fraction; lauo 2, peripbsmic fraction; lane 3, 
molecular weight standard*. 



fraction 20 (Fig. 6B, lane 3). Unpurified elutes con- 
tained all the bands seen in the different HPLC frac» 
tions 20, 22, and 24 (Fig. 6B, lane 5). 

N*Terminal Amino Acid Sequence Analysis of 
Expression Products from Cells Containing 
PSPTH37ZZ 

To further analyze the main expression products, the 
19-, 15-, and 14-kDa bands from the HPLC-purified ma- 
terial were cut out from the filter and subjected to N- 




14.4 

FIG. 5. Comparison of proteins ia the growth medium and periplas- 
ms fraction* expressed from che p!a*mid$ pSPTH37ZZ and 
pS'f*TH37?^:. Aftinity-purified material from cells harvested during 
exponential growth was imraunoblotted as described. Molecular 
weight vtaadnrds arc indicated Lanes 1 and 2, material from growth 
medium < I ) and periplasm ic (2) fractions from cells transformed with 
pSPTH37Z2; lanes 3 and 4, material from growth medium (3) and 
periplasm ic (4) fractions from cells transformed with pS'PTH37ZZ- 
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terminal amino acid sequence analyses. The amino acid 
sequence obtained from the 19-kDa band was 

Ser-Val-Scr-Glu-^le-Gln-Leu-. 

This sequence corresponds to the amino acid sequence 
I lto+7of mature hPTH, identifying the 19-kDaband 
as correctly processed, probably full-length, hPTH(l- 
37)ZZ. The 15kDa hand amino acid sequence was 

X-X-X- Leu-Hin-X-Vol-His-Asn-Phe, 

where X represents an unidentified amino acid residue. 
This sequence corresponds to amino acids +26 to 1 35 of 
mature hPTH, indicating a proteolytic cleavage be- 
tween amino acids 25 and 26 in the hPTH part of the 
fusion protein. The 14-kDa band amino acid sequence 
was 



(see e.g., Fig. 3, lane 4), demonstrating purification of 
these expression products in just two steps. 



X-X-X- Gln-His-Asp-Glu-Ah- 

Val-Asp-Asn-Lys-Phe, 

which corresponds to amino acids at position +40 to 
+53 that is in the 22 part of the fusion protein. 

Identical results were obtained when the correspond- 
ing protein bands were cut out from SDS-PAGE Wots 
obtained directly after IgG affinity chromatography 



N-Terminal Amino Acid Sequence Analysis of 
Expression Products from Calls Containing 
p$PTH37ZZ 

In order to analyze the major products of 
pS'PTrWZZ-containing bacteria, the 26-, 24-, and 22- 
kDa bands were cut from the filter and subjected to N- 
terminal amino acid sequence analyses. We were, how- 
ever, not able to get an amino acid sequence for any of 
these bands. A probablo reason for this is that these 
proteins are N-terminally blocked due to the presence 
of iV-formylmethionine in an unprocessed signal se- 
quence. 

In conclusion, fair amounts of a correctly cleaved 19- 
kDa protein were present in the periplaemic fraction 
from pSPTH372Z-transformed cells harvested in expo- 
nential growth phase, although undesired proteolytic 
cleavage was observed at later stages of growth. The 
19-kDa protein was also visible on immunoprobing of 
material from the growth medium (Fig. 4B, lane 4 and 
Fig, 5, lane 1), but the relative amount in the growth 
medium (as compared to the periplasmic fraction) was 
much lower than for some of the other ZZ-containing 
bands (e.g., the 14-kDa band in Fig. 4A, lanes 3 and 4). 
In comparison, cells transformed with plasmid 
pS'PTH37ZZ generated mainly unprocessed hybrid 
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proteins that were localized the medium with very little 
present in periplasm. 

DISCUSSION 

The aim of-this study was to seek a way to test-signal 
sequences for secretion and correct processing of a for- 
eign gene product in E. coll 

This report describes the successful expression of a 
correctly processed fusion protein containing the first 
37 amino acids of hPTH fused to two IgG binding do- 
mains (ZZ) derived from Staphylococcal protein A. This 
22 part of the hybrid protein provided an efficient 
means for purification using IgG affinity chromatogra- 
phy. After just one additional purification step (SI)S- 
PACE) the products were pure enough to be character- 
ized by amino acid sequencing. 

The plasmid constructs used in this study should also 
be well suited to study the secretion and processing of 
proteins other than hPTH, if desirable employing other 
signal sequences than the one of protein A. In 
pKP43PTH (Fig. IB) there are unique restriction sites 
both inside (Usal, Kpn\) and at the end of (Aval) the 
signal sequence. In addition there is a useful Asel site 
just in front of the signal sequence, making it easy to 
manipulate the signal sequence pan of the construct. 
Unique restriction sites are also found at the front of the 
hPTH part (Aval) as well as between the hPTH part 
and the 22 part (Xoal, BamHl). These sites could be 
used to insert genes other than hPTH, making it possi- 
ble to study secretion and processing of other heterolo- 
gous proteins in the same easy way as described here for 
hPTH. 

Coomassie brilliant blue-stained SDS PAGE clcc- 
troblots of IgO affinity-purified material from exponen- 
tially growing cultures containing plasmid pSPTH37ZZ 
showed a different pattern of protein bands in the 
growth medium andpcriplasroic fractions. Theperiplas- 
mic fraction contained a peptide with the theoretically 
correct molecular weight of hPTH(l-37)ZZ, around 19 
kDa, although degraded forms migrating at 14, J 5, and 
15.5 kDa were also observed, The assumed correctly pro- 
cessed form was visible on immunoblots of both the peri - 
plasmic and the medium fractions, In general, cells har- 
vested in exponential growth phase retained the 
expressed hybrid proteins in the periplasmic space and 
exported very little to the medium. 

At the stationary phase of growth, however, the major 
part of the expression products had accumulated in the 
growth medium, although the 19-kDa band could not be 
detected in this fraction. Whether this is due to a selec- 
tive degradation of the l9*kDa protein in the growth 
medium or whether the 19-kDa form is unable to pass 
the outer membrane is unclear at the moment Wo at- 
tempted to sort this out by using two protease deficient 
E. coli strains, B121 and UTnfiOO (29). In these strains a 



higher fraction of the expression products seemed to be 
unprocessed 22-kDa species, but the translocation and 
degradation patterns were largely unaltered (data not 
shown). Thus the use of protease mutants did not give 
any indications as to the fate of the 19-kDa molecule. 
-Whether the-uae of different growth conditions or- me- 
dia may change the degradation or localization patterns 
remains to be seen. 

N-terminal sequencing of the 19-kDa band revealed 
an amino terminus corresponding to the one in native 
hPTH. Sequencing of the 15-kDo band showed that the 
fusion prdtein was degraded before amino acid +26 in 
the hPTH region, while in the 14-kDa band cleavage 
seems to have occurred in the 22 region, between Arg 
(4-39) and Gly (+40). Interestingly, the main site of pro- 
teolytic degradation in the hPTH part is identical to 
that observed for hFPHO -841 expressed as a secretory 
protein in Saccharvmyces vereuisiae (28), but different 
from the main degradation site for hPTH(l-84) in E. 
coli (22). The known amino acid sequence of the fusion 
protein at positions 25, 26, and 27 is Arg-Lys-Lys-, 
thus the sequence of the 15-kDa band indicates proteo- 
lytic cleavage between Arg and Lys. This suggests that 
the enzyme responsible for the cleavage might be the 
OmpT protease, an outer membrane protein known to 
cleave between two basic amino acid residues (29). How- 
ever, expression of pSPTII37ZZ in the OmpT negative 
strain UT5600 did not exclude this proteolytic degrada- 
tion (data not shown). 

In contrast, pSTTIIIHZZ yielded almost exclusively 
putative unprocessed fusion proteins, both in the me- 
dium and in the periplasmic fraction. This indicates 
that the mutated signal sequence, as expected, is not 
cleaved by the signal peptidase. Thus, signal sequences 
in this expression system seem to be processed in the 
normal way by the E. coli cell. 

From our results it is also apparent that the unpro- 
cessed fusion protein containing the mutated signal se- 
quence is present in the growth medium, while the 
correctly processed form is localized mainly in the peri- 
plasm. The reason for this difference is at the moment 
unclear. One possible explanation is that the correctly 
processed form is degraded either in the medium or dur- 
ing passage through the outer membrane and that the 
presence of an uncleaved signal sequence might some- 
how protect against such degradation. In accordance 
with this notion our results indicate that the protein 
with the mutated signal sequence is less prone to degra- 
dation than the form with the wild type signal sequence. 
An alternative explanation is that proteins containing 
an uncleaved signal sequence might pass the outer 
membrane through a pathway that is not available to 
proteins without a signal sequence, resulting in a selec- 
tive translocation of signal sequence containing forms 
to the growth medium. / 

hPTH(l-84) expressed in fusion with the same vari- 
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ants of the protein A signal sequence is secreted and 
processed in the same way as our fusion protein, show- 
ing that the introduction of the protein A binding part 
does not influence the secretion and processing process 
(Ref. (*22) f and B. N. Kareem et 6/., in preparation]. Al- 
together these findingsindicate that the ZZ fusion pro- 
tein system is a useful model for a more general study of 
secretion and processing in E. colL 
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